The emerging field of biofabrication capitalizes on nature's ability to create materials with a wide range of well-defined physical and electronic properties. Particularly, there is a current push to utilize programmed, self-organization of living cells for material fabrication. However, much research is still necessary at the interface of synthetic biology and materials engineering to make biofabrication a viable technique to develop functional devices. Here, the authors exploit the ability of Escherichia coli to contribute to material fabrication by designing and optimizing growth platforms to direct inorganic nanoparticle (NP) synthesis, specifically cadmium sulfide (CdS) NPs, onto porous polycarbonate membranes. Additionally, current, nonbiological, chemical synthesis methods for CdS NPs are typically energy intensive and use high concentrations of hazardous cadmium precursors. Using biosynthesis methods through microorganisms could potentially alleviate these issues by precipitating NPs with less energy and lower concentrations of toxic precursors. The authors adopted extracellular precipitation strategies to form CdS NPs on the membranes as bacterial/membrane composites and characterized them by spectroscopic and imaging methods, including energy dispersive spectroscopy, and scanning and transmission electron microscopy. This method allowed us to control the localization of NP precipitation throughout the layered bacterial/membrane composite, by varying the timing of the cadmium precursor addition. Additionally, the authors demonstrated the photodegradation of methyl orange using the CdS functionalized porous membranes, thus confirming the photocatalytic properties of these composites for eventual translation to device development. If combined with the genetically programmed self-organization of cells, this approach promises to directly pattern CdS nanostructures on solid supports. Published by the AVS. https://doi.org/10.1116/1.5008393
I. INTRODUCTION
Biofabrication, the synthesis and assembly of functional materials using biological components, is a rapidly developing topic of research in both materials engineering and biology. 1 In many instances, biofabrication capitalizes on nature's ability to fabricate structured materials, based on the programmed self-organization of living cells. [2] [3] [4] [5] [6] While this emerging field draws inspiration from biological fabrication in nature, it also applies engineering principles to achieve predictable control of material structures and functions at two levels: (1) programmed self-organization of cells and (2) assembly of cellular products to interact with the environment.
Inkjet printing bacterial "seeds" onto porous membranes allows fine spatial control over the placement of bacterial colonies on substrates. 5, 6 This ability, combined with a precisely regulated nutrient/precursor diffusion to the colony, can be harnessed for driving localized material synthesis and deposition. Furthermore, due to advances in synthetic biology, which allow the insertion and expression of autonomous, pattern-forming gene circuits, there has recently been a push to utilize the programmable nature of bacteria to produce patterned, functional devices. 4, 5 One common component of electronic devices is semiconducting transition metal nanoparticles (NPs) (1-100 nm) which are used in numerous applications due to their sizedependent optical and electronic properties. 7, 8 More specifically, cadmium sulfide (CdS) NPs in the form of thin films are used for the photocatalytic degradation of organic dyes, 9 in light emitting diodes, 10 for hydrogen production, 11 and in solar cells. 12, 13 Current CdS NP synthesis methods include chemical bath deposition, 14 spray pyrolysis, 15 and wet-chemical precipitation. 16 All these methods produce highly concentrated waste and/or need high processing temperatures.
The field of materials chemistry is under pressure to comply with strict environmental rules and seeks alternatives to conventional chemical synthesis methods. Current efforts in green chemistry are directed toward reduction in (1) energy use, (2) material consumption, and (3) waste production. 17 Particularly, less resource-intensive fabrication methods and lower concentrations of hazardous by-products are sought for the synthesis of typically toxic, transition metal NPs.
CdS NP precipitation by microorganisms has the potential to be more environmentally friendly than chemical synthesis methods, as lower cadmium concentrations are used in NP biosynthesis than during chemical bath deposition 14, 18 or chemical solution precipitation. 16 Additionally, biosynthesis of CdS occurs at lower temperatures than most chemical synthesis methods. [19] [20] [21] CdS NP precipitation has been demonstrated in different microorganisms ranging from bacteria, 8, [22] [23] [24] [25] [26] [27] [28] [29] yeast, [30] [31] [32] to fungi. 33 In these studies, CdS NPs were obtained by two different strategies. In one strategy, microorganisms were employed to produce peptides to assist in the nucleation and capping of CdS NPs. 26, 27, 32 The other strategy enables the direct precipitation of CdS through an enzymatic reaction 22, 33 that typically entails overexpression of a gene that encodes the enzyme; in our case, this enzyme is cysteine desulfhydrase. 23, 28 The latter enzymatic approach is used in this work.
As a first step toward combining the genetic programming of bacteria with "greener" biosynthetic NP precipitation methods, we report on an interesting approach to control inorganic material fabrication using biological entities on technologically relevant surfaces. To this end, we overexpressed the cysteine desulfhydrase gene (originating from Treponema denticola (T. denticola), originally engineered by Wang et al. 24 ) in an Escherichia coli (E. coli) strain. This gene produces cysteine desulfhydrase which catalyzes the conversion of cysteine to hydrogen sulfide (H 2 S) which subsequently reacts with cadmium ions to form CdS NPs. Previously, we showed that we can manipulate the precipitation conditions in solution-based bacterial growth experiments to generate CdS NPs with a specific size and bandgap. 34 Furthermore, we discovered that timing the addition of the cadmium precursor (CdCl 2 ) controls the location of CdS NP precipitation; i.e., when adding CdCl 2 in the late-exponential bacterial growth phase, CdS NPs predominately precipitate extracellularly.
Although extracellular biosynthesis has been shown in solution cultures, 33, 34 it is still difficult to separate CdS NPs from the biomass. Furthermore, extracellular, bacterial CdS NP precipitation has not yet been utilized for site-directed material synthesis. Here, we utilize localized bacterial growth on a porous substrate to direct CdS NP precipitation onto the substrate surface [Figs. 1(a)-1(c)] and demonstrate the utility of the resulting material system for heterogeneous photocatalysis [ Fig. 1(d) ]. To this end, we designed two growth platforms whose key feature is the separation of the H 2 S-producing bacteria from the CdCl 2 -containig medium by a nanoporous polycarbonate (PC) membrane. The layered growth platform facilitates CdS precipitation close to the membrane surface and inside its pores. Since the timing of CdCl 2 addition is crucial to achieve extracellular precipitation, 34 we developed a "pump" system to exchange the growth medium to precisely control CdCl 2 addition timing and rate [ Fig. 1(b) ]. Advantages of this approach include the decrease of NP aggregation, which is commonly seen during solution precipitation, as well as the ready integration of NPs with a technically relevant substrate. 35 There is great potential to combine the approaches explored here with our recent work of E. coli directed material organization, 5-7 where we used both exogenous (inkjet printing of colonies) and endogenous (programmed bacteria) cellular patterning. These systems can serve as templates for organizing functionalized components and lead to the development of novel bioelectronic components. . 23 The bacteria were grown overnight in lysogeny broth (LB) with 75 mg/ml carbenicillin and diluted 1:4 in additional LB prior to drop-casting or seeding, 5 ll droplets of the bacteria. A modified M9 medium 34 was used as the nutrient source for the bacteria in the growth platforms. Furthermore, precursor concentrations of 0.5 mM cysteine and 0.2 mM CdCl 2 were used for the enzyme-mediated precipitation reaction. We also used 0.2 mM K 2 SO 4 as a potassium source. When agar was employed to separate the medium from the membrane and thus bacteria, it consisted of 1 wt. % agar dissolved in modified M9 medium and 75 mg/ml of carbenicillin. We used Whatman Nuclepore track-etched PC membranes with an overall diameter of 19 mm and a pore diameter of $50 nm for all experiments.
B. Design of membrane-supported growth platforms
The different growth platforms were stacked in the round wells of 12-well plates. Each platform consisted of up to four components ( Fig. 2 ): (1) a layer of bacterial growth medium, (2) an agar layer, (3) a PC membrane, and (4) seeded bacterial colonies. The membranes were oriented with their smooth side ("shiny" side) facing the bacteria. Different configurations were achieved by stacking the components in different orders (supplementary material).
37 Each membrane supported three, separately drop-cast bacterial colonies. The cultures in each configuration were incubated in 37 C air for a total of 24 h. We found that platforms 1 and 2 are the most suitable for CdS precipitation (supplementary material 37 ). Platform 1 was prepared by first freezing 2 ml of the growth medium with all precursors in a well and then dropping 1 ml of agar onto the frozen medium. This procedure minimized the mixing of the agar and medium layers. The PC membrane was then placed onto the solidified agar, and finally, the bacterial colonies were seeded on top of the membrane. Platform 2 was prepared identically but without the agar deposition step.
For timed addition experiments, the growth platforms were prepared using the M9 growth medium with cysteine and IPTG but without CdCl 2 . The bacterial colonies were then incubated for 8 h at 37 C. After this initial incubation, the liquid growth medium under the membrane was exchanged with the same medium, but now containing 0.2 mM CdCl 2 , at a flow rate of 1 ml/min using two syringe pumps in a push-pull configuration (Harvard Apparatus, PHD 2000 and Sage instruments, syringe pump model 341B). To ensure complete exchange, 8 ml of the CdCl 2 -containing media was pumped through the growth platforms.
C. Characterization methods
Energy-dispersive x-ray spectroscopy
Prior to energy-dispersive x-ray spectroscopy (EDS) analysis, the membranes were removed from their growth template, rinsed gently with deionized (DI) H 2 O, and dried on a glass slide for several hours. For EDS analysis, we used an FEI XL30 ESEM in the variable-pressure mode equipped with a Bruker Quantax Energy Dispersive X-Ray Spectrometer with an XFlash 4010 detector available through the Shared Materials Instrumentation Facility (SMiF) at Duke University. To obtain statistical information on the composition, EDS spectra were obtained from each experimental condition from three colonies at a minimum of two spectra per colony, for a total of at least six scans. To eliminate compositional bias due to impurities or nutrients in our bacterial system, we normalized the data to only consider carbon and cadmium. The working distance of the instrument was set to 12 mm at a beam voltage of 30 kV with a count rate of 2500-3000 counts/sec. The magnification of each sample for EDS was 500Â, with the spot size set to 5, and the pressure in the chamber was 0.7 Torr. We note that in control experiments where CdCl 2 was present but E. coli was not and where E. coli was present but CdCl 2 was not, no cadmium was detected (supplementary material 37 ).
Scanning electron microscopy
After colonies were grown onto the membranes in their respective experimental states as described above, the membranes containing the bacterial/CdS colonies were suspended on a 1Â phosphate buffered (1Â PB) solution augmented with 8% glutaraldehyde (Reagent Grade, VWR Cat# 97064-690) overnight at 4 C for fixation, then sequentially dehydrated and suspended on 35%, 50%, 75%, 95% (Â2), and 100% (Â3) ethanol, and then allowed to dry overnight on glass slides. The samples were then coated with an $5 nm gold layer (Denton Desk IV Vacuum Sputter Coater) to mitigate charging of the poorly conductive samples. For highresolution images, an FEI XL30 scanning electron microscopy (SEM) with a secondary electron imaging detector was used. Both instruments were available through SMiF. In both configurations, the medium can be exchanged by a pump system to allow for control over timing the CdCl 2 addition.
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Thin-sectioning of embedded bacteria/membranes
Samples for transmission electron microscopy (TEM) were prepared similar to those for SEM analysis; however, after fixation, these samples were rinsed with 1Â PB and then embedded in agar before the dehydration steps. Excess membrane not containing a bacterial colony was cut away using a razor blade, and the remaining bacteria/membrane composites were inserted into a freshly deposited, still liquid 1% agar droplet. This allowed for ease of handling the samples during resin infiltration and thin sectioning. The solidified agar droplets were trimmed of excess agar to improve solvent and resin infiltration in subsequent steps. The samples were then sequentially dehydrated in 35%, 50%, 75%, 95% (Â2), and 100% (Â3) ethanol, and then, unlike for the SEM samples, the pieces were sequentially infiltrated
. These sections were deposited on grids (Electron Microscopy Sciences, Maxtaform Grids, Cat# M200-CR) and air-dried.
Transmission electron microscopy
Low resolution TEM images of the thin-sectioned samples were taken with a beam voltage of 80 kV on an FEI CM12 TEM available through Duke University's Research Electron Microscopy Service. High resolution images of the NP clusters and crystallites were obtained using an FEI Tecnai G 2 Twin TEM with a beam voltage of 200 kV, available at SMiF. NP diameters were obtained by image analysis of TEM images using a custom MATLAB code. To insure consistency, threshold and range values were kept constant between each image.
Scanning transmission electron microscopy with EDS
We determine the elemental composition of CdS clusters directly using high-resolution EDS measurements of the thin-sectioned samples. This was done using an FEI Verios 460L (beam voltage of 20 kV) with an Oxford EDS detector, available at North Carolina State University's Analytical Imaging Facility.
Methyl orange degradation/UV-vis spectrometry
Membrane samples were fixed as described above to keep the colonies intact and then rinsed with DI H 2 O. Samples were dried overnight, and, if needed, the dried bacterial colony was removed by peeling it from the membrane surface using tweezers. The membranes were then suspended in separate 35 Â 10 mm polystyrene petri dishes containing 3 ml of methyl orange (MO) solution (0.01 g/l-Acros Organics, Cat# AC15142-1000) and 20 ll of 0.5 M Na 2 SO 3 (ACS Grade, VWR Cat# 97062-060) added immediately before irradiation. To prevent evaporation, the petri dishes were sealed with Parafilm, taking care not to block light from reaching the enclosed samples. 36 We irradiated the samples with a solar simulator (Sol2A Class ABA, 450 W, AM 1.5 filter). The projected, circular beam had a diameter of 15 cm and a focal length of 10 cm. To keep the intensity of light consistent across each sample, the dishes were arranged in a circle so that each sample was positioned at the same distance from the center of the beam. We irradiated the samples for two different lengths of time, i.e., 30 min and 2 h, where all samples were suspended in MO solution for a total of 2 h. Control samples were kept in the dark for 2 h. When irradiation was completed, the membranes were removed from the dishes and the solution was transferred to Eppendorf tubes and centrifuged at 8000 rpm for 5 min to remove any residual sediment or potentially detached bacteria from the solution. The amount of remaining MO in each solution was then quantified using a Shimadzu UV-3600 spectrophotometer (scan speed medium, sampling interval of 1 nm, slit width 5 nm, and wavelength range: 350-550 nm) available at SMiF. To this end, we prepared MO solutions of known concentrations (0%, 1%, 2%, 5%, 10%, 25%, 40%, 50%, 60%, 75%, 80%, 90%, 95%, and 100%, where 100% is the initial concentration of 0.01 g/l) and measured their absorbance. We then fit the resulting data to determine the quantitative relationship between the concentration of MO and the absorbance peak maximum of each solution (details in the supplementary material 37 ). Using this standard curve, we were able to determine the remaining concentration of MO in our samples. 36 Additionally, using the different time steps for each sample, we also calculated the MO degradation rates (supplementary material 37 ).
III. RESULTS AND DISCUSSION
A. Choice of growth platform and timing for optimal bacterial CdS precipitation
We designed several platforms (Figs. 2 and S1, supplementary material 37 ) to control CdS NP precipitation either throughout the bacterial colony or on the membrane surface. These platforms consisted of H 2 S-producing bacteria separated by a porous membrane from the growth medium containing precursors for CdS precipitation. Platforms were equipped with a push-pull syringe pump system to allow for precise control over the timing of CdCl 2 addition. We selected platforms 1 and 2 as the most promising for further experiments. Other platforms were omitted for numerous reasons, including the dispersion of the bacterial colony and thus CdS NPs in the media (rather than directed onto the membrane) and the lack of bacterial growth due to anaerobic conditions (explained in more detail in the supplementary material 37 ). We observed that bacteria grow on both platform configurations (platforms 1 and 2) in defined colonies. Top-view SEM images of our bacterial colonies grown on platform 1 (Fig. 3) Fig. 3(c) ; the insulating control samples experienced substantial charging under the electron beam, making the acquisition of clear images difficult].
We confirmed the presence of cadmium by EDS (Fig. 4) . Control samples either lacking bacteria or CdCl 2 but otherwise treated the same showed 0 wt. % cadmium and are thus not displayed (supplementary material 37 ). When CdCl 2 was present from the start of bacterial growth, $2.7 wt. % cadmium were present on both platforms. However, when CdCl 2 was added to the medium after 8 h of initial bacterial growth, the cadmium concentration increased (Fig. 4) . We reason that the higher cadmium content (in the form of precipitated CdS) after an initial 8 h of CdCl 2 -free incubation arises from two factors: (1) the colony had time to grow unencumbered by toxic cadmium and (2) reaching maturation, the colony was able to produce more H 2 S, which is required for the precipitation of CdS. Furthermore, we attribute the slightly higher concentration of cadmium found on platform 2 to the absence of the agar substrate layer, which may impede the diffusion/transport of CdCl 2 to the membrane.
To test whether the timing of CdCl 2 addition would affect the localization and concentration of CdS precipitation, we analyzed the membranes spectroscopically after removing the colonies (Fig. 4 and micrograph of the cross-section in the supplementary material 37 ). Understandably, the cadmium concentration was significantly lower when the colonies were removed. We also found that the residual cadmium concentration for platform 2, in which CdCl 2 was added after 8 h of bacterial growth, was higher than that in which CdCl 2 was present from the beginning. We attribute this difference to the increased precipitation at the colony--membrane interface.
Comparison of Figs. 3(a) and 3(b) shows the presence of larger NP clusters on the surface when the colonies are grown in the presence of CdCl 2 [ Fig. 3(a) ] as compared to when there is delayed addition [ Fig. 3(b) ]. This indicates that when the bacterial colonies have been growing in the presence of CdCl 2 , there is likely more CdCl 2 diffusion to the top of the colonies and earlier complexation of cadmium ions with free sulfides. The presence of smaller NP clusters [ Fig. 3(b) ] is consistent with our previous results that showed smaller, extracellular NP precipitates when there is a delay in CdCl 2 addition. 34 To verify that cadmium is associated with sulfur in the observed NPs, we took cross-sectional TEM-images of the porous membrane and the attached bacterial colony 
FIG. 4.
Comparison of the cadmium content (wt. %) of the bacterial membrane composite, determined by energy dispersive x-ray spectroscopy. Colonies were grown on two different platform configurations and using two different CdCl 2 addition timings. The cadmium content was measured before (solid bars) and after (crosshatched bars) the removal of the colonies. Error bars reflect the standard error of the mean.
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crystallites of quantum dot dimensions (<10 nm radii), embedded in an organic matrix [ Fig. 5(c) ]. 34 We confirmed by high-resolution EDS analysis on an embedded thin section that the NP clusters consist of cadmium and sulfur [ Fig.  5(d) ]. Other elements such as oxygen and carbon (supplementary material) originate from the organic matrix in which the NPs are embedded, while the TEM grid is responsible for the rhodium signal in Fig. 5(d) . Finally, in our previous work, we extensively characterized our biosynthesized CdS NPs and unequivocally confirm that our agglomerates consist of CdS NPs by x-ray diffraction. 34 We have thus shown that CdS NP precipitation by bacteria is possible on and into porous, polymeric membranes. Note that samples that lack introduction to either CdCl 2 or bacteria do not display high contrast precipitates or an EDS signal for cadmium (supplementary information 37 ). Note that the black, red, and blue boxes in Fig. 5(a) are representative of where the spectra were taken and not exact locations of analyses. , respectively. We note that the lower bounds are all similar, which we attribute to the resolution limit of the image processing technique.
The different sizes of the NPs observed at different locations in the layered bacterial/membrane composite can likely be explained by two factors. (1) When CdCl 2 is added after 8 h, it first reaches the bottom of the colony and then diffuses throughout the colony. This leads to a pronounced CdCl 2 concentration gradient, which entails a low CdCl 2 concentration at the top of the colony, decreasing the size and concentration of CdS NPs there. (2) Similarly, there is a gradient of nutrients and IPTG throughout the colony which affects its metabolic activity. This likely also causes different H 2 S concentrations at different layers in the bacterial/membrane composite. Taken together, these results suggest that CdS NP precipitation can be localized directly on the membrane or throughout the bacterial colony which can be applied toward developing functional materials in which an acellular environment is desired or if the bacterial colony itself is an integral part of the device.
C. Photocatalytic activity of bacteria/membrane composites
In a proof-of-concept experiment, we tested the photocatalytic activity of our bacterial/membrane composites. Specifically, we measured the degradation of MO after irradiating a bacterial/membrane composite in a MO solution with a solar simulator (Fig. 8) . To maximize membranebound CdS NP precipitates, we choose platform 2 with CdCl 2 addition after 8 h of bacterial growth. Interestingly, in samples where the bacterial cultures were still present, i.e., in our control without CdCl 2 addition and in our experimental sample with CdCl 2 , we observed similar levels of MO degradation, which suggests that the bacterial colony itself had photocatalytic activity and/or removed MO by adsorption. As expected, little degradation of MO occurred for control samples in which the membrane underwent all the same treatments, except that bacteria were never deposited. Importantly, the sample with the largest extent of MO degradation is that in which the bacterial colony was removed to expose photocatalytic CdS NPs on the membrane surface. This shows great promise in the translation of this directed growth system to immediate technologically relevant application.
IV. SUMMARY AND CONCLUSIONS
In this work, we contribute to the evolving field of biofabrication and capitalize on nature's ability to create inorganic nanomaterials. We aim in future work to combine these efforts with the programmed, self-organization of living cells for autonomous patterned, functional material synthesis. Here, we exploited the ability of bacteria by designing and optimizing growth platforms to direct CdS NP synthesis onto porous PC membranes. Additionally, we expect that the methods reported here can contribute toward the development of "greener" directed, CdS NP synthesis onto technologically relevant surfaces. We showed that E. coli, engineered to overexpress H 2 S and grown on nanoporous PC membranes, can precipitate CdS NPs on the membrane surface, in the pores of the membrane, and throughout the colony. For example, when CdCl 2 was added after 8 h, i.e., during the late-logarithmic growth phase of the bacteria, more and larger CdS NP clusters were formed at the membrane-colony interface compared to the concentration and size throughout the colony. When CdCl 2 was present at the onset of seeding the colonies, CdS NP precipitation was more closely associated with the bacterial cell walls throughout the colony. Finally, we successfully developed a proofof-concept experiment to test the photocatalytic properties of our bacterial/membrane composites. The promising, photocatalytic properties of our composites and the displayed control that our system has over the locus of precipitation can be combined with other elements of genetically programmable bacteria, such as pattern forming circuits, or with exogenous patterning approaches, such as inkjet printing of colonies. The versatility of this directed, material synthesis approach has implications for future fabrication of functional, bacterial devices. Crosshatched bars indicate samples which were never exposed to solar simulation (remained in the dark throughout the experiment), striped bars were samples which were illuminated for 30 min prior to analysis, and solid bars indicate samples which were under solar conditions for 2 h. 
